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In this study, the effects of stress and strain rate on cyclic deformation, secondary 
hardening, martensitic phase transformation, crack initiation, and fatigue behavior of type 
304L stainless steel are examined. A series of load and strain controlled uniaxial zero and 
non-zero mean strain fatigue tests were conducted with varying frequencies in order to 
investigate the effect of loading rate on fatigue behavior. The volume fraction of 
martensite was quantified for several tests using x-ray diffraction and electron backscatter 
diffraction. The loading rates were found to have a direct effect on the microstructure and 
fatigue behavior of the alloy investigated. Adiabatic heating from an increased rate of 
loading was found to effect martensite formation which is a major contributor to the 
secondary hardening phenomena associated with many austenitic stainless steels under 
cyclic loading. Also affected by the microstructural changes were cyclic deformation, 
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(Materials Characterization, Submitted 2016) 
1.1 Austenitic Stainless Steels 
The 300 series stainless steels (SS) are austenitic and stabilized at room 
temperature (RT) by alloying. This type of steel is an important family of structural 
materials and has a wide range of applications in the transportation, nuclear, construction, 
and food industries as they possess an excellent combination of strength, ductility, and 
resistance to corrosion [1,2]. 
Fatigue failure is claimed to be responsible for up to 90% of all the mechanical 
failures, and because many of the SS’s applications involve cyclic loading, fatigue 
resistance is an especially important consideration for these alloys. Therefore, significant 
amount of studies have been conducted on the mechanical properties of the 304L 
stainless steel (304LSS) with an extensive focus on their fatigue behavior [3–13]. These 
studies have shown that (1) the SS undergoes a diffusionless austenite to martensite phase 
transformation below a characteristic temperature [14,15], which can be affected by a 
number of factors, such as chemical composition and mechanical work. [14–16]. (2) The 
transformation is sensitive to strain rate which leads to different degrees of adiabatic 
heating [3,4]. (3) The martensitic phase in the SS is typically formed as a result of 
 
2 
deformation and contributes to the strain hardening during monotonic loading and maybe 
the secondary hardening often observed during cyclic loading [8,17]. 
1.2 Martensitic Transformation 
The microstructure of 304LSS comprises only Fe austenite, γ, at RT, which is a 
ductile face centered cubic (FCC) structure that can transform into martensite, α’, which 
is a body centered cubic (BCC) structure at very low temperatures. Figure 1.1 shows the 
characteristic temperatures associated with the free energy of each phase. It is well 
established that when 304LSS is cooled at or below martensitic transformation starting 
temperature, Ms, identified in Figure 1.1, the FCC phase begins to spontaneously 
transform into the martensitic BCC phase. Although the free energies of γ and α’ phases 
are identical at the phase equilibrium temperature, Te, the spontaneous phase 
transformation does not occur for temperatures above Ms. This phenomenon is commonly 
referred to as undercooling, whose extent is measured by ∆T = Te - T. The γ  α’ phase 
transformation is achieved by the nucleation and growth of critical α’ nuclei, which 
requires the material to overcome a critical energy barrier (∆Gs*) associated with the 
creation of the γ-α’ phase boundaries (process a  b  c in Figure 1.1). In general, the 
critical energy barrier ∆G* is dependent on undercooling ∆T, such that ∆G* ∝ 1⁄∆T2 [18], 
as depicted by the hyperbola in Figure 1.1. It is apparent that when T → 𝑇𝑒−, ∆G* → ∞ 
and phase transformation is not possible. Undercooling is therefore necessary for the 
critical energy barrier to be sufficiently low and surmountable by means of thermal 
fluctuation. For the case of martensitic transformation, the undercooling is ∆Ts = Te - Ms. 
As is evident from Figure 1.1, the Ms and Te temperature are dependent on the slopes of 
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the α’ and γ lines, which, in turn, are sensitive to chemical composition. Eichelman and 
Hull [15] showed that Ms is highly sensitive to the carbon and nitrogen contents of SS. 
With the aid of mechanical work, the higher energy barrier (∆Gd*) is 
surmountable, which corresponds to a higher γ  α’ transformation temperature Md 
(process a’  b’  c’ Figure 1.1) [16]. The mechanical work can either be done by 
monotonic or cyclic loadings [5–9]. When ∆T < ∆Td, the mechanical work that can be 
done before the failure of the material is not sufficient to provide the critical energy for 
the martensitic transformation; therefore, the austenitic phase is considered to be stable at 
this regime. Md is also referred to as the martensite transformation limiting temperature. 
Some investigations have revealed that the strain induced elevated martensitic start 
temperature, Md, can be greater than RT for many austenitic stainless steels [14,15]. 
Angel [14] proposed a relation between chemical composition and the Md30 temperature, 
where Md30 is the temperature at which applying 30% true strain results in 50% α’ phase 
and can be an indication of the γ phase stability of the alloy for a given temperature. For 
instance, an Md30 temperature at or above RT implies that the true Md temperature is 
higher than RT, and therefore, the γ  α’ phase transformation would be expected given 
a sufficient amount of strain energy. For the particular alloy used in this study (304LSS), 
the Md30 temperature is estimated to be 20°C using Angle’s criterion [14]. The proximity 
of Md30 to RT for this alloy implies that there is a strong possibility that the alloy’s γ 
phase will be unstable during loading at RT. 
1.3 Rate Effects on Transformation 
The stability of the γ phase for austenitic stainless steels can also be influenced by 
stress and strain rates as well [3,4,10]. Lichtenfeld et al. [4] found that increasing strain 
 
4 
rates in monotonic tensile tests resulted in reduced ultimate tensile strength (UTS) and 
uniform elongation (UEL) for a 304LSS alloy. This was attributed to adiabatic heating 
leading to a reduction in strain-induced martensitic transformation, resulting in reduced 
overall strain hardening. Hecker et al [3] found that by increasing the strain rate in a 
monotonically loaded specimen, there is an increase in shear band intersections, which 
are known to be α’ nucleation sites. While increases in shear band intersections caused an 
increase in γ  α’ transformation for strains up to 25%, the increase in adiabatic heating 
ultimately suppressed the formation of martensite for strains greater than 25%.  
Frequency (i.e. cyclic strain rate) effects for steels under uniaxial fatigue loadings 
are generally thought to be negligible for metals [19]. The frequencies commonly used in 
strain controlled fatigue tests are typically lower than 20 Hz, in which the increase in 
temperature is often insignificant, and therefore, ignored in most cases. It is generally 
accepted that any adverse or beneficial frequency effects are indistinguishable from the 
scatter that is typical in fatigue data. However, for 304LSS with an Md temperature above 
the range of operational temperature, test frequency may affect the stability of the 
austenitic structure leading to inconsistent martensitic transformation. For instance, 
increasing specimen temperature is an effective way of stabilizing the austenitic 
microstructure during cyclic loading. This is due to the testing temperature being moved, 
by adiabatic heating, closer to or above Md temperature and requiring grater amounts of 
energy to transform (process a  b  c in Figure 1.1 ). On the other hand, if temperature 
is reduced, there could be a considerable reduction in the stability of the austenitic 
microstructure. This is because the test temperature is closer to Ms, where less strain 
energy is required to induce martensitic transformation (process a’  b’  c’ in Figure 
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1.1). While reduction in specimen temperature cannot be controlled through cyclic strain 
rates, the increase in temperature from RT can be somewhat controlled by adjusting the 
cyclic strain rates which may affect the austenitic stability, and thus, the α’ generation. 
Martensitic transformation plays an important role in the strain hardening 
behavior of 304LSS under both monotonic and cyclic loading, along with other factors 
such as stacking fault energy, dislocation interaction, etc. [12,17,18,20,21]. Hecker et al 
[3] showed that for monotonic tensile tests, continuous martensitic transformation causes 
uniform elongation and an increase in strain hardening of 304LSS. Tests in which 
martensitic transformation saturated in the early stages of elongation resulted in 
premature failure from early onset non-uniform elongation. The martensite phase, α’, 
corresponds to a higher yield strength and strain hardening rate which leads to an 
increased overall hardening of the material [22,23]. While there have been extensive 
studies conducted on how martensitic transformation affects the monotonic behavior for 
austenitic materials, there is a need to better understand how the cyclic and fatigue 
behavior is related to transformation phenomenon in these alloys. The transformation 
behavior of 304LSS is important in understanding the secondary hardening often 
observed during the cyclic loading of this alloy. 
It is worth noting that secondary hardening during cyclic loading of 304LSS has 
been observed in some cases, while being absent in some other cases [11,17,24]. Colin et 
al. [17] observed secondary hardening, after a period of cyclic softening, for small strain 
amplitudes, and interestingly, an improvement in the fatigue life in the presence of 
secondary hardening. However, they only observed secondary hardening in high cycle 
fatigue tests. This could be related to variations in chemical composition, within the 
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limits for 304LSS, which affect Md and ultimately the phase transformation behavior. In 
addition, variations in testing frequency could have a significant impact on the secondary 
hardening behavior. An increase of test frequency (i.e. cyclic strain rates) allows a greater 
amount of adiabatic heating within the specimen and limits the amount of phase 
transformation by increasing the specimen temperature closer to Md. However, 
systematic studies towards the correlation between martensitic transformations with 
secondary cyclic hardening are yet to be performed. 
The purpose of this research is to investigate the relationship between martensitic 
transformation and the fatigue behavior including secondary hardening through x-ray 
diffraction (XRD), scanning electron microscopy (SEM), and electron backscatter 
diffraction (EBSD). Due to the sensitivity of the material to temperatures within the Ms – 
Md range, the effect of stress and strain rate and the resulting adiabatic heating were also 
of particular interest. Frequencies (and therefore cyclic stress and strain rates) were 
varied in order to investigate the effects of adiabatic heating on the cyclic secondary 
hardening as well as the fatigue life for this material. Finally, crack initiation and 
microstructurally small crack growth (MSC) are investigated to determine the effect of 
grain orientation, boundary interactions, grain rotations, and martensitic transformation 




Figure 1.1 Gibbs free energy diagram depicting the characteristic martensite 
temperatures Ms, and Md.  
The hyperbolic curve represents the critical free energy as a function of temperature 






MATERIAL AND EXPERIMENTAL METHODS 
2.1 Material 
The material used for this study was a commercially available, cold drawn and 
annealed type 304L stainless steel delivered in lengths of six feet with a diameter of ¾ 
inches. This particular stainless steel is a low carbon alloy (< 0.03%) as shown by 
chemical composition in Table 2.1. The as-received 304LSS microstructure was 
characterized using several microscopy methods to determine grain size and initial phase 
fractions. 
Traditional fatigue specimens were machined longitudinally into cylindrical round 
specimens with uniform gage section per ASTM standard E606 [25], as shown in Figure 
2.1. The specimens were then mechanically polished in the longitudinal direction using a 
series of 500, 800, 1200, and 2000 grit silicon carbide grinding papers in order to 
eliminate scratches and surface discontinuities and minimize their effects on fatigue 
behavior. Non-standard microstructurally small crack (MSC) specimens were also 
machined from the bar stock longitudinally as shown (Figure 2.2). This specimen design 
was successfully implemented in similar studies on crack initiation in 316L SS and21Cr-
23Mn-1N high nitrogen austenitic stainless steel [26,27]. These MSC specimens were 
designed specifically for electron backscatter diffraction which requires a smooth flat 
surface. Each face was hand ground using a series of 500, 800, and 1200 grit silicon 
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carbide grinding paper. The gage sections were then ellectrolyitically polished for 45 
seconds at 40 V using Struers A2 electrolytic solution (64 ml distilled de-ionized water, 
522 ml ethanol, 72 ml ethylene glycol monobutyl ether, and 56 ml of perchloric acid). 
The flat electro-polished surfaces ensured high quality diffraction patterns for EBSD 
analysis even after cyclic deformation occurred. 
2.2 Experimental Setup 
A series of uniaxial load and strain controlled fatigue tests were conducted on a 
closed loop servo-hydraulic MTS 810 fatigue testing frame with a load capacity of 100 
kN. Strain was measured and controlled using an MTS extensometer and MPT testing 
software. Both zero and non-zero mean strain conditions including strain ratios of Rε = -1 
(fully reversed), Rε = 0 (tension-release), and Rε = 0.5 (tension-tension) were selected to 
determine any mean strain effects on cyclic deformation and fatigue behavior of the 
304LSS. Strain amplitudes between 0.2% and 1.0% were selected to include high, 
intermediate, and low cycle fatigue tests for the material with a series of two to five tests 
conducted for each strain level. Multiple frequencies were also chosen for each strain 
amplitude in order to generate a range of strain rates from 0.008 s-1 to 0.040 s-1. Surface 
temperature was recorded for selected tests using an Optris Laser Sight thermometer. 
Temperature measurements taken from the surface provide an estimation of adiabatic 
heating occurring for the selected tests. An approximate load drop of 40% as compared to 
mid-cycle load was considered as the failure criterion in this study. 
Load controlled tests were conducted on both the traditional and MSC specimens. 
The traditional fatigue specimens were tested to determine a sufficient stress rate and 
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interruption schedule for the MSC specimens. Stress rates were chosen to give a 
transitional fatigue life for low stress rates and low cycle fatigue life for high stress rates. 
The low stress rate was chosen to be 1400 MPa/s, and the high stress rate was chosen to 
be 3960 MPa/s. Both stress rates were tested at a stress amplitude of 330 MPa. Crack 
initiation was investigated on the MSC specimens, with particular interest paid to cracks 
that initiated at twin boundaries. Twins have been shown to be preferential crack 
initiation sites for many austenitic stainless steels under both high and low cycle fatigue 
{cite}. In addition, there was a focus on capturing the role of martensitic transformation 
on the microstructurally small crack behavior of the material. 
To capture crack initiation and microstructurally small crack growth, the MSC 
specimens were interrupted periodically and observed using SEM and EBSD. Specimens 
were loaded into the SEM on a specially designed stage in order to hold the surface at an 
angle of 70° in relation to the electron beam. The stage is shown in Figure 2.3 installed in 
the SEM and holding an MSC specimen. The SEM was used to raster across the gage 
surface identifying crack initiation locations. Once the positions of the cracks were 
recorded for a surface, the surrounding phase and orientation data was collected using 
EBSD. 
2.3 Metallographic Specimen Preparation 
Gage sections were removed from the traditional fatigued specimens 
approximately 5 mm from the fracture surface. This was done to obtain a qualitative view 
of the phase transformation throughout the specimen without the effect of the plastic 
wake associated with crack propagation. After the specimens were cut using a low speed 
diamond saw, they were mounted and metallographically prepared using standard 
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metallographic procedures. A few specimens were etched for optical microscopy (OM) 
using a tint etchant with a 1:2 ratio of HCl and H2O with 1g of sodium metabisulfite for 
10 seconds. An optical microscope was then used to capture the images which were 
digitally analyzed using ImageJ software to characterize the grain size and area fraction 
of the α’ phase. After OM imaging, a final polish was made using vibratory polishing to 
0.2 μm with a silica lubricant prior to SEM and EBSD imaging. 
2.4 XRD/EBSD Calibration 
With trace amounts of α’ phase (< 5%) expected in lower strain amplitude tests 
(i.e. high cycle fatigue regime), many of the peaks associated with BCC reflection planes 
would be indistinguishable from the background noise using XRD. It was therefore 
imperative to insure the phase analysis through EBSD was consistent with XRD for strain 
amplitudes in which a sufficient amount of intensity peaks were obtained. While imaging 
in the SEM at 20 kV excitation voltage, EBSD analysis was used to map the phases in the 
specimen. EBSD imaging was conducted on a 450 μm by 450 μm area with a step size 
between 0.5 - 1.5 μm, as shown in Figure 2.4. Multiple scans were made across the 
specimen to ensure 400 to 500 randomly selected grains were analyzed. In addition to the 
SEM/EBSD phase analysis, bulk XRD analysis was also conducted on the polished 
specimens using a Rigaku Ultima III with Cu kα x-rays using a 2θ range of 40° - 100° 
and a scan rate of 0.02°∙s-1. Correlation between results obtained from XRD and 
SEM/EBSD analyses was used to verify the phase fraction calculations using 
SEM/EBSD. Three specimens were chosen for XRD and consisted of an as-received 
condition, 40% monotonically strained (MT40), and 1% fully reversed strain amplitude 
(FRεa1.0) test. A minimum of three diffraction peaks were obtained in each of the two 
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strained specimens for the phase fraction analysis, as shown in Figure 2.5, where the 
intensities for each condition are normalized to the maximum intensity in the as-received 
condition. 
Comparing XRD results of the 304LSS in as-received, FRεa1.0, and MT40 
conditions, there is an obvious reduction in the γ phase, as indicated by changes in peak 
heights, with increases in the α’ phase due to monotonic or cyclic deformation. This is 
indicated by intensity rises and falls for the respective FCC and BCC reflection planes, as 
seen in Figure 2.5. The areas under the XRD peaks were then calculated and separated to 
determine the phase fractions for each specimen. These fractions were then compared 
with the EBSD results to determine if the two methods were in agreement. Table 2.2 lists 
the lattice parameters, a, distance between planes known as d-spacings, d, and XRD 
phase fraction results for FRεa1.0 to the corresponding EBSD phase fractions. The γ and 
α’ phase estimations from XRD and EBSD were found to be very comparable with a 
difference of less than 8 %. The lattice parameters obtained from XRD and presented in 
Table 2.2 are also consistent with known lattice parameters of 304LSS. This gave 
confidence in the EBSD results for the lower strain amplitudes in which XRD was not 
capable in separating the smaller α’ intensity peaks. 
2.5 As Received Microstructure 
The initial microstructure was mostly austenitic with traces of the α’ phase 
remaining from cold working. Figure 2.6 gives a representation of the as received 
microstructure including a) grain orientation, b) phases, c) grain size, and d) 
misorientation between grain boundaries. There are small traces of the α’ phase left from 
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the drawing process, however, the microstructure is considered fully austenitic with the 
α’ phase accounting for less than 0.2% of the analyzed grains. The microstructure was 
determined to contain approximately 54 μm equiaxed grains via optical microscopy, and 
later corroborated with EBSD as shown in Figure 2.6 (c). Present in the microstructure 
were recrystallization twins left from the annealing of the cold drawn bar. Figure 2.7 
gives a representation of the Σ3 annealing twin boundaries (blue) among the other grain 
boundaries (black). Annealing twins are known to have a specific misorientation of 60° 
with a deviation of 8.66° from the ideal Σ = 3 boundary using the Brandon criterion. Thus 
twin boundaries were defined as a grain boundary with 60° ± 8.66° misorientation while 
grain boundaries were defined as all other boundaries not considered twins and above 5° 
misorentation. 
Table 2.1 Chemical composition of the 304L alloy. 
C Co Cr Cu Mn Mo N Ni P S Si 
0.029 0.150 18.063 0.450 1.347 0.384 0.072 8.588 0.032 0.030 0.283 
Chemical composition of austenitic stainless steel in % weight (remainder Fe). 
Table 2.2 XRD/EBSD lattice and phase comparison. 
2θ (deg) (hkl) Phase d (nm) a (nm) γ(FCC) 
% 
α'(BCC) 
% 43.5 111 γ 0.207 0.360 
44.5 110 α' 0.203 0.288 XRD Results 
50.7 200 γ 0.180 0.360 83.7 16.3 
64.7 200 α' 0.144 0.287 
74.7 220 γ 0.127 0.360 EBSD Results 
82.2 211 α' 0.117 0.287 84.9 15.1 
90.7 311 γ 0.108 0.360 
Lattice parameters (a) and d-spacings (d) for a given angle (2θ) obtained from XRD with 





Figure 2.1 Traditional cylindrical fatigue specimen. 
Dimensions and configuration of uniaxial fatigue specimens, designed per ASTM 
standard E606. All dimensions in mm. 
 
Figure 2.2 Microstructurally small crack (MSC) specimen. 




Figure 2.3 Specially designed specimen stage for MSC specimen installed in the SEM. 
Stage design holds the face investigated at a 70° angle from the electron beam in order to 




Figure 2.4 Representative EBSD map showing phases, grain boundaries, and twin 
boundaries. 









Figure 2.6 Microstructure of the as received 304LSS material. 
Electron backscatter diffraction results showing a) inverse pole figure map, b) phase map, 










3.1 Cyclic Behavior 
The stress response of 304LSS alloy under the strain controlled condition is 
separated into two distinct stages: cyclic softening followed by cyclic secondary 
hardening. Cyclic secondary hardening, Hs, is defined for strain controlled fatigue tests as 
the difference in maximum stress amplitude near failure and the minimum stress 
amplitude at the end of cyclic softening, as indicated in Figure 3.1 (a). These stages can 
be clearly seen in the stress responses for multiple strain amplitudes of fully reversed 
strain controlled fatigue tests in Figure 3.1 (b). Both of these stages are the result of 
microstructural changes within the material during cyclic loading. Table 3.1 lists the 
secondary hardening, Hs, values for all fatigue tests along with the associated strain 
amplitude, /2, strain rate, 𝜀̇ ̇, stress amplitude, /2, and reversals to failure, 2Nf for 
each test. A quantity to measure the rate at which secondary hardening occurs over 
increasing number of reversals, i.e. d(∆σ/2)/d(2N), is defined as the secondary hardening 
rate. 
Cyclic softening occurs as the dislocation structure rearranges until it reaches a 
more stable configuration. Secondary hardening has been attributed to the interaction of 
multiple slip systems and formation of dislocation cell structures with martensite 
formation being suggested as a possible contributor as well [11]. For the case of 304LSS, 
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there have been studies that report the transformation process is γ(FCC)  ε(HCP)  
α’(BCC) [7,23], while others indicate a γ(FCC)  α’(BCC) transformation could occur 
without the intermediate ε transformation [11,21]. For the strain controlled fatigue tests in 
the present study, it must be noted that only the final area fractions of phase compositions 
were analyzed, and no conclusions could be made about the transformation behavior 
prior to failure. However, there was no evidence of ε phase using XRD or EBSD for the 
interrupted load controlled tests either, which may be attributed to the resolution of XRD 
and EBSD systems utilized. Transmission electron microscopy analysis could identify the 
ε phase, however, this analysis was beyond the scope of the present work. 
Increase in specimen temperature during cyclic loading had a direct correlation 
with increase in strain rate, which is consistent with reported results for 304LSS in the 
literature [13]. Surface temperature for strain controlled fatigue tests stabilized within a 
couple hundred cycles and maintained a steady temperature until failure. For strain rates 
of 0.008 s-1, there was an observed increase of 3 to 4 °C above RT (≈ 24 °C), while for 
strain rates of 0.040 s-1, there was an increase of 8 to 10 °C. Although this increase in 
temperature may seem insignificant, Figure 1.1 shows that even small changes in 
temperature within the Ms - Md region can affect the transformation behavior of the 
material. 
3.2 Fatigue Behavior 
Fatigue behavior for this study is separated into strain controlled and load 
controlled sections. This is due to the material showing vastly different responses to rate 
effects in each case. It must be noted, however, that the testing strategy and goal of each 
were designed to investigate different aspects of fatigue behavior. Strain controlled 
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fatigue tests ignored crack initiation and instead were designed to primarily investigate 
the relationship between secondary hardening and fatigue behavior. On the other hand the 
load controlled fatigue tests were designed primarily to investigate the crack initiation 
and microstructurally small crack growth behavior. Both control methods however 
showed high sensitivity to changes in rate of loading which is discussed in detail for each 
condition in CHAPTER IV. 
3.2.1 Strain Controlled 
The strain life fatigue data of 304LSS including zero and non-zero mean strain 
tests are presented in Table 3.1 and Figure 3.2. ε/2 represents strain amplitude, Rε is 
strain ratio, defined as minimum to maximum strain, σ/2 is stress amplitude taken at the 
mid-life cycle, and Hs is total secondary hardening. Tests that exceeded 106 cycles were 
considered to be runout and terminated. Stress amplitudes reported were taken at the mid-
life cycle which was stabilized for the lower strain amplitudes (/2 < 0.75%). For the 
higher strain amplitudes (/2 ≥ 0.75%), the stress amplitude did not reach a stable 
condition and immediately entered a secondary hardening stage after an initial period of 
cyclic softening. For these strain amplitudes (i.e. /2 ≥ 0.75%), the stress amplitudes 
were taken at mid-life as well, although this does not indicate stabilized stress response. 
Fatigue lives for mean strain data contained more scatter, however, mean strain had 
negligible impact on the fatigue behavior of this material. This is due to the extreme 
ductility of the material, which allows the mean stress to fully relax under mean strain 
conditions due to severe plastic deformation [17]. 
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There is typically greater scatter in high cycle fatigue data and less scatter in low 
cycle fatigue data [19]. However, as evident in Figure 3.2, there is a large amount of 
scatter even in the low cycle fatigue regime as indicated by the circled data points. Higher 
frequencies were found to cause an increase in the fatigue life especially for the circled 
outliers in the fatigue data in Figure 3.2. Specifically, for the fully reversed strain 
amplitude of 0.75%, the test with the shortest life of 1,514 reversals had a test frequency 
of 0.8 Hz, while the test frequency of 1.33 Hz resulted in a much greater fatigue life of 
5,056 reversals. Despite the significant mean stress relaxation, there is more scatter in the 
mean strain fatigue data (R 0 and R 0.5), as compared to the fully reversed data 
(R -1) for a given strain amplitude. This could be a result of the variation in the initial 
tensile mean stress and the number of cycles before full mean stress relaxation in mean 
strain fatigue tests as well as the fact that 304LSS is very sensitive to the load history 
[13]. In addition, there was no change in the endurance limit of /2 = 0.2% for mean 
strain conditions or increased frequencies. 
Fracture surfaces were analyzed to determine if inclusions at or near the surface 
were the cause of crack initiation. Figure 3.3 shows a representation of a typical fracture 
surface with fatigue crack growth direction indicated by the arrow. Fatigue cracks grew 
until an approximate 40% reduction in semi-stabilized load occurred after which the 
specimens were mechanically pulled apart. There is a clear separation between crack 
growth and the area that was pulled apart after a sufficient load drop. The crack growth 
area was found to be smooth, flat, and semi-elliptical, while the pulled apart surface area 
contained dimples characteristics of fractured ductile metals. Fatigue cracks initiated at 
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the surface for all fatigue specimens, with and without mean strain, with no indication of 
inclusions or voids contributing to the crack initiation process. 
3.2.2 Load Controlled 
Fully reversed load controlled fatigue tests were conducted on the traditional 
cylindrical fatigue specimens. The effect of stress rate was investigated for 1400 MPa/s 
(low stress rate) and 3960 MPa/s (high stress rate). Table 3.2 lists the fatigue data for load 
controlled fatigue tests. The fatigue lives (S-2N curves) for the two stress rates are plotted 
separately in Figure 3.4 to show the effect of stress rate on the fatigue life. It is apparent 
from Figure 3.4 that higher stress rates are much more detrimental to fatigue life than 
lower stress rates which is opposite to what was observed in strain controlled fatigue 
tests. High stress rates resulted in much shorter fatigue lives than low stress rates. 
Under load control conditions cyclic softening and cyclic hardening are observed 
as an increase and decrease in strain amplitude respectively. Figure 3.5 presents the strain 
amplitudes associated with low and high stress rates for the stress amplitude of 350 MPa. 
The cyclic softening and hardening behavior under load control is similar to cyclic 
softening under strain control, which an initial work hardening stage is observed followed 
by cyclic softening with secondary hardening occurring near the end of the fatigue life for 
the low stress rate test. However, for the high stress rate test there is very little secondary 
hardening before failure. The high stress rate also maintains much higher strain 
amplitudes even during the first few cycles of the test. The severity of the plastic 
deformation over the fatigue life is also much greater in the high stress rates as indicated 
by the large area within the hysteresis loops for the near final cycle in Figure 3.6. In this 
figure the first cycle and last cycle stored before failure are plotted for both low and high 
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stress rates. The first cycle hysteresis loops are similar for low and high stress rate 
conditions, however, the total strain range and plastic strain range are much greater for 
the near failure cycle of the high stress rate tests. This ultimately leads to much shorter 
fatigue lives for the high stress rate fatigue tests as indicated in Figure 3.4. 
Fracture surfaces of the load controlled specimens showed similar area of crack 
growth as the strain controlled fatigue tests. There was no sign of initiation due to 
particle, voids, or other types of inclusions, however, cracks appeared to initiate at the 
surface. EBSD maps were then collected in a similar manner as the strain controlled tests. 
Phase maps of the cross section from the cylindrical specimens show that the higher 
stress rates resulted in lower total amounts of phase transformation. Again, this is due, in 
part, to increases in specimen temperature due to adiabatic heating. It must be noted, 
however that these tests were much shorter than the low stress rate tests and therefore 
lower amounts of phase transformation would be expected. 
The MSC specimens present an opportunity to observe the changes in 
microstructure on the surface during the interruption schedules chosen. Periodically, 
when collecting initiation and crack propagation EBSD maps (as described in detail in 
sections 3.3 and 3.4), surface maps were taken of larger areas to observe any 
microstructural changes on the surface. For the low stress rates there was an apparent 
rotation observed of the grains under the interrupted load controlled fatigue tests. Figure 
3.7 presents the deformation behavior of an MSC specimen in which this rotation is 
clearly evident at a) 20,000 cycles and b) 35,000 cycles. The superimposed inverse pole 
figures (IPF) for each grain along a twin boundary show the rotation of each grain in 
relation to the other. Notice that each grain shows mainly one active slip system as 
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indicated by the single direction of the slip traces in each grain. However, once the 
specimen axis reaches a boundary as is the case for grain B, deformation will occur on 
two slip systems. 
Interestingly, this rotation behavior was not observed in high stress rate tests but 
instead multiple active slip systems were observed. This indicates that for low stress rate 
tests the specimen axis rotates to accommodate activation of multiple slip systems where 
for high stress rate tests multiple slip systems are activated without the need of rotation. 
3.3 Crack Initiation 
As mentioned, fractography provided little evidence into the initiation 
mechanisms under strain or load controlled fatigue tests. Therefore the MSC specimens 
were used to capture micro-crack initiation at the surface for low and high stress rates 
under load controlled conditions with a stress amplitude of approximately 330 MPa. 
Tests were interrupted for low stress rates every 10,000 cycles until multiple micro-
cracks were observed on each surface after which tests were interrupted every 2,000 – 
5,000 cycles. High stress rate tests were interrupted every 1,000 or 2,000 cycles. During 
the interrupted period the specimen was removed from the testing equipment and 
carefully place in the SEM stage described in section 2.2. SEM imaging and EBSD was 
done for selected cracks in order to determine the initiation feature, orientation of grains, 
Schmid factor, Taylor factor, and phases present at initiation site. 
Crack initiation for each micro-crack was determined by capturing cracks in the 
range of 10 μm – 50 μm or a crack contained within a single grain. For cracks in which 
initiation was not captured within this criteria, only the crack growth data was collected 
with no comment on crack initiation. Figure 3.8 presents the frequency of both high and 
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low stress rates at each type of initiation for grain boundaries-excluding twins (GB), twin 
boundaries (TW), slip band intrusions/extrusions (SB), inclusions (IN), and martensite 
(M). Twin boundaries accounted for nearly half of the crack initiation sites with slip 
bands accounting for nearly 30%. The following sections detail the effect of each 
initiation feature and its influence on crack initiation. 
3.3.1 Inclusions 
In this study inclusions are used in a broad sense to include intermetallic particles, 
voids, and oxides. For most engineering alloys inclusions play a large role in crack 
initiation [28–31]. However, for the 304LSS alloy tested, this was not the case. Inclusions 
showed one of the lowest frequencies of crack initiation features to induce a crack only 
accounting for roughly 10% of crack initiation.  
At low stress rates, cracks that initiated from inclusions were always small voids 
on the surface as shown in Figure 3.9. The star burst shape in Figure 3.9 represents the 
plane traces of the {111} planes for the given orientation and the arrows highlight the 
direction of the crack initiation out of the void. Notice that each arrow is parallel to one 
of the {111} plane traces indicating that crack is initiating along a {111}<110> slip 
plane. Intermetallic particles were not found to initiate a crack for the low stress rate 
condition, however, for high stress rates, intermetallic particles were found to initiate 
cracks as shown in Figure 3.10. For all cases of intermetallic particles at initiation sites 
the 304LSS matrix first debonds before initiating the crack in which case the stress 
concentration at the edge of the debonded initiates a crack in a similar manner as a void 




Martensite was rarely able to be unambiguously determined as the csource of 
crack initiation and as such showed the lowest frequency of all crack initiation features. 
In general, most initiation sites had very little transformation occurring before a crack 
was a couple grain sizes in length. The α’ phase began to develop at the crack tip as the 
crack propagated through multiple grains. This is most likely due to the mechanism for 
martensitic transformation being plastic deformation and the plastic zone associated with 
microstructurally small cracks being relatively small near the initiation site. As the crack 
grew through the microstructure and developed a larger plastic zone ahead of the crack 
tip, martensitic zone sizes grew as well. As for crack initiation, however, martensite 
formation did not appear to play a significant role. 
3.3.3 Slip Bands 
Very ductile metals with low stacking fault energy (SFE) can behave in a very 
similar way to very pure metals that do not have major inclusions in which cracks initiate 
primarily by slip. In these cases, cyclic deformation occurs due to slip in individual grains 
leading to an intrusion/extrusion topography at the surface. It has been shown that very 
narrow closed crack nuclei develop at the bottom of these intrusions [32]. Austenitic 
stainless steels typically fall into this category of low stacking fault energy metals and as 
such the {111} <110> slip systems play an important role in the deformation behavior. 
The slip behavior was observed to increase during fatigue loading of the 
interrupted MSC specimens. These slip bands are shown to follow along the {111} plane 
as indicated by the {111} plane traces for multiple grains in Figure 3.11. In this figure, 
each line associated with the trace star indicates the trace of one of the {111} planes 
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within the grain. Notice that one trace is always parallel to an observed slip trace 
indicated by the arrows in Figure 3.11. Nearly all grains containing slip traces on the 
surface had one primary slip system activated. 
Slip bands were observed to be a leading source of crack initiation during load 
control fatigue testing. Cracks that initiated transgranularly rather than at grain 
boundaries were almost exclusively along a {111} plane trace and had relatively large 
Schmid factors. These cracks were considered to be initiated by intrusion/extrusion as 
described by Neumann and Tonnessen [32]. In these cases where slip bands were 
considered as the initiation mechanism, the cracks were mostly oriented at a large angle 
with the loading direction. More than half of the slip band cracks had an angle greater 
than 70° with the loading direction. Thus, cracks that initiate from slip bands tend to do 
so when the slip band is oriented near the plane of maximum principle stress. 
3.3.4 Grain Boundaries 
As previously mentioned grain boundaries are defined as any boundary with a 
misorientation to its neighbor larger than 5° and not considered a twin boundary. As 
such, grain boundary cracks were largely uncommon throughout the MSC specimens 
tested accounting for roughly 13% of all initiation features. A grain boundary crack is 
shown in Figure 3.12 showing a) grain orientations, b) phases, c) Schmid factors, and d) 
Taylor factors. Loading direction is horizontal with respect to the figure. 
Nearly all grain boundaries were similar in that the misorientation between the 
two grains was large, with misorientations between the adjacent grains ranging from 40° 
- 60°. More importantly a {111} plane associated with each grain was parallel with the 
boundary that initiated the crack with the other grain containing a {111} nearly parallel 
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with the boundary as shown with the star bursts highlighting the {111} plane traces in 
Figure 3.12 (a). The fact that the grain boundary is nearly parallel with the slip plane 
results in higher stresses due to dislocation pileup at the grain boundary. 
It has been suggested, also, that the mismatch between Schmid factors (SFM) of 
grain boundaries may be an indicator of crack initiation where large differences in 
Schmid factors can result in stress concentrations along the boundary [33,34]. This is 
shown in Figure 3.12 (c) where the SFM is approximately 0.04. This added stress along 
the grain boundary can lead to intergranular crack initiation. For all grain boundary 
cracks there was a relatively large Schmid factor mismatch for the grains adjacent to the 
crack initiation site. Interestingly, every grain along a cracked grain boundary that had a 
low Schmid factor had a high Taylor factor and vice versa. This is interesting because 
research has also suggested that high mismatches between Taylor factors results in 
localized strain incompatibilities and therefor can be indicative of intergranular cracking 
as well [35,36]. Figure 3.12 (d) shows a low-medium (LM) Taylor factor mismatch. Not 
all grain boundary cracks had large Taylor factor mismatches, but nearly every grain 
boundary crack had a high Taylor factor associated with it. 
3.3.5 Twin Boundaries 
Crack initiation at twin boundaries has been previously observed [26,27,32,36–
38] and is somewhat surprising due to the low energies of twin boundaries. The elastic 
incompatibility on the surface of a twin pair results in high shear stress concentrations at 
the interface of these boundaries. For FCC materials the Σ3 twins run parallel to the 
{111} slip planes for both grains along the twin boundary and thus local plasticity arises 
along a dominant slip plane parallel to the twin [37]. Neumann and Tonnessen [32] 
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showed a strong correlation to twins cracking due to persistent slip bands in the vicinity 
of the high localized shear stresses at twin boundaries if the modified Schmid factor in 
the vicinity of the twin was higher than 0.44. In this case, coherent twin boundaries are 
ideal for crack initiation since the boundary is parallel to the {111} slip planes on each 
side of the boundary. 
Twin boundaries showed the highest frequency in crack initiation for this 304LSS 
alloy. Cracks that initiated by twins showed the tendency to occur along the plane of 
maximum shear (≈45° from loading axis) but quickly moved into the adjacent grains 
along the plane of maximum tensile stress. A technique described elsewhere [39] has 
been shown to give reasonable results when determining if a twin is coherent or 
incoherent. In this case the twin trace normal is plotted on a {111} pole figure of the two 
gains along a twin boundary. If the twin trace normal coincides with the incident planes 
then the twin can be called coherent with reasonable accuracy. The Brandon criteria 
allows for slight deviations in misorientation such that twin trace normals that fall 
slightly off of the coincident planes can still be considered coherent. This method is 
shown in Figure 3.13 where the {111} planes for the adjacent grains along the twin 
boundary are plotted on a {111} pole figure and the boundary trace normal falls along the 
coincident planes. From this method it was found that every crack initiated from a twin 
fell within the range given for a grain to be considered coherent. 
As discussed in section 3.3.4, grains that contain large differences in Schmid 
factors can produce stress concentrations along the boundary that could contribute to 
crack initiation. However, for materials with low SFE (such as 304LSS), it was shown 
that a lower difference in Schmid factors was required to promote twin boundary 
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cracking rather than slip band crack initiation. Interestingly, it was found that for twin 
boundary cracks there was a lower SFM across the boundary. However, for grain 
boundary cracks the opposite was observed. Figure 3.14 presents the SFM across the 
cracked boundary for both twin boundaries and grain boundaries. Crack twin boundaries 
showed on average much lower SFM than the grain boundaries did where roughly 60% 
of all cracked twin boundaries had a SFM of 0 – 0.01 compared to 67% of crack grain 
boundaries having SFM of 0.03 – 0.04. It should be noted, however, that the grain 
boundary percentages may be somewhat skewed due to very few grain boundaries 
contributing to crack initiation. 
There have also been studies suggesting large Taylor factor mismatches (TFM) 
across boundaries can be indicative of crack initiation sites due to localized strain 
incompatibilities [35,36]. Unlike the SFM discussed previously, both twin and grain 
boundaries showed similar behavior when comparing TFM. Figure 3.15 presents the 
TFM for both boundary types. Twin boundaries tended to initiate when a Taylor factor 
mismatch is present an agreement with previous research [35,36]. 
Of all the twin boundary cracks, most were found to be orientated within the grain 
to align along the direction of maximum shear as indicated in Figure 3.13. This fact 
highlights the significance of grain orientation and in specific the orientation of the 
annealing twins within the microstructure on crack initiation. For FCC materials such as 
304LSS the {111} planes play a significant role in the deformation behavior of the 
material in which twins occur parallel with one of the {111}<110> slip systems. This 
allows for pileup of PSB along the twin boundaries resulting in high stress concentrations 
near and parallel to the annealing twins. 
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3.4 Microstructurally Small Crack Growth 
Microstructurally small crack (MSC) growth was measured for each crack at each 
interruption schedule as a summation of the straight line distances associated with crack 
growth. In order to capture the microstructure’s influence on the MSC growth rates 
EBSD patterns were collected on each crack. MSC behave in a different manner than 
long cracks due to reduced crack closure. MSC typically grow at a higher rate since the 
crack tip is essentially open. However, MSC are also heavily influenced by the 
microstructure. Microstructural features such as grain and phase boundaries can cause 
significant decreases in the MSC growth rates. Of particular interest in this study is the 
influence of the α’ phase on MSC growth. There have been previous studies that discuss 
the crack growth rates through austenitic and martensitic phases [8,12], however, there is 
limited studies that discuss the transformation behavior’s effect on MSC growth in a 
metastable austenitic stainless steel. 
Fracture surfaces of previously tested fatigue specimens showed nearly elliptical 
crack growth and as such it was assumed that the crack propagates similarly in this 
fashion at the MSC growth level. As such, it must be noted that only the crack at the 
surface is discussed and no knowledge of the three dimensionality of the crack is 
assumed in the analysis. In order to account for any deviations in this case, the crack 
growth was separated into two halves at a point considered to be the initiation site. Thus a 
crack 2a is split into two separate lengths a1 and a2 as shown in Figure 3.16. 
Microstructurally small cracks were found to have remarkably consistent crack 
growth rates. Figure 3.17 shows crack lengths for multiple cracks plotted against cycles. 
This gives an idea of the changes in crack growth rates associated with each interruption 
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in fatigue testing. All of the cracks show very similar crack growth rates regardless of 
initiation feature or when encountering a microstructural feature. The α’ phase, however, 
was found to have an impact on MSC growth for the stress amplitude used. The plastic 
zone ahead of the crack tip that is typical in crack growth resulted in γ  α’ phase 
transformation around the crack tip. The transformation ahead of the crack tip results in 
the crack growing primarily though the martensitic BCC phase once the crack was large 
enough to create a plastic zone ahead of the crack tip. 
The martensitic zone size ahead of the crack tip had the greatest effect on crack 
growth rates. The α’ zone size is taken as the average width of the transformed 
microstructure perpendicular to the crack as indicated in Figure 3.18. Measurements were 
taken across the crack path from the previous measurement and averaged to obtain a 
single representative zone size for the extended crack. Crack growth rates (da/dN) were 
approximated by (ai – a0)/(Ni – N0) where the ith term is the current value and 0th term is 
the previous value. The crack growth rates were then plotted against the transformation 
zone size as presented in Figure 3.19. For a stress amplitude tested an increase in the 
martensitic transformed zone around the crack tip resulted in increasing fatigue crack 
growth rates. However, if a propagating MSC crack encountered a large area of 
previously transformed martensite the crack growth rate would significantly drop. This is 
assumed to be due to compressive residual stress from the volume change associated with 
γ  α’ transformation.  
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R = -1 (Fully Reversed) 
0.2  285 NA >2,594,000 
0.2  284 NA >2,000,000 
0.2  326 NA >2,000,000 
0.25 0.030 296 16 446,772 
0.25 0.030 291 8 241,452 
0.3 0.012 314 14 130,728 
0.3 0.024 317 18 120,824 
0.3 0.010 303 8 82,676 
0.4 0.040 320 14 35,244 
0.4 0.016 329 16 21,266 
0.4 0.016 327 11 15,694 
0.5 0.016 359 20 9,066 
0.5 0.016 351 22 7,980 
0.5 0.020 354 65 6,076 
0.5 0.020 342 7 4,506 
0.75 0.040 373 22 5,056 
0.75 0.024 371 15 1,514 
1 0.032 436 26 838 
1 0.020 452 80 600 
R = 0 (Tension-Released) 
0.2 0.024 331 NA >2,600,000 
0.3 0.024 324 26 219,826 
0.3 0.024 310 11 100,126 
0.4 0.040 329 56 49,338 
0.4 0.016 340 10 17,502 
0.4 0.016 333 69 13,836 
R = 0.5 (Tension-Tension) 
0.2 0.016 366 NA >2,139,038 
0.3 0.040 306 9 116,032 
0.3 0.012 319 3 49,074 
0.3 0.012 322 3 29,736 
0.4 0.008 361 32 39,656 
0.4 0.008 342 44 34,208 
0.4 0.040 322 36 32,984 
0.4 0.040 319 10 27,348 
0.4 0.016 381 13 17,553 











300 3960 3,023,818 
330 1400 334,944 
330 1400 259,207 
330 3960 50,032 
330 3960 35,800 
330 3960 45,364 
350 1400 49,170 
350 1400 67,830 
350 3960 1,094 
400 1400 3,968 
400 1400 2,682 
400 3960 486 




Figure 3.1 Depiction of secondary hardening for strain controlled fatigue tests. 
a) Secondary cyclic hardening, Hs, is defined as the difference between the peak stress 
amplitude near the end of fatigue life and the minimum stress amplitude due to cyclic 
softening. b) Stress response of uniaxial strain controlled fully reversed fatigue specimens 










Figure 3.3 Fracture surface of a fatigued specimen. 





Figure 3.4 Stress life for high and low stress rates. 
 
 
Figure 3.5 Strain response for load controlled fatigue tests at 330 MPa including high 









Figure 3.7 Inverse pole figure maps showing rotation of grain axis.  




Figure 3.8 Frequency at which microstructural feature initiated a crack. 




Figure 3.9 Crack initiating at void. 









Figure 3.11 Slip band traces for selected grains. 
Slip traces for each grain are indicated with double arrow lines as well as the parallel 




Figure 3.12 Crack initiation at a grain boundary with {111} plane traces. 





Figure 3.13 Coherent twin boundary crack. 
Pole figure contains the twin normal trace with dashed arrow falling near the incident 









Figure 3.15 Taylor factor mismatches associated with cracked twin and grain 
boundaries.  















Figure 3.18 Representation of the transformation zone size 
 
 





DISCUSSION ON EXPERIMENTAL OBSERVATIONS 
4.1 Martensite Formation and Secondary Hardening 
Martensite transformation was found to occur at strain amplitudes as low as 
0.25%. For the case of the FRεa1.0 sample in, the γ(200) intensity peak decreased 
significantly as the α’(110) and α’(220) orientations increased in intensity. EBSD 
analysis was successful in separating the two phases, and multiple scans were taken 
across each specimen ensuring more than 500 grains were analyzed in order to obtain a 
representative estimation of the area fraction of α’ phase. A typical phase fraction area for 
a fully reversedε/2 = 0.75% test is shown in Figure 2.4 with the red areas indicating the 
γ phase and the green areas representing the α’ phase. The parent austenite to martensite 
showed the typical Kurdjumov-Sachs relationship in which {111}γ || {110}α’ and <110>γ 
|| <111>α’. 
The α’ phase in the absence of the ε phase has been reported to have a blocky 
irregular shape. However, when it is formed in the presence of the ε phase, it becomes 
more lath like [9]. As shown in Figure 2.4, only blocky type martensite was found in all 
EBSD phase maps, indicating the ε phase was non-existent or unobservable in this study. 
The α’ phase has been shown to be associated with shear bands intersecting twin 
boundaries, grain boundaries, slip bands, or other shear bands in monotonic tests [5,7]. 
While nucleation of the α’ phase was not captured in this study, Figure 2.4 indicates that 
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nearly all α’ areas are associated with either a twin boundary or grain boundary under 
cyclic loading. 
As mentioned previously, the α’ phase is formed as a result of a diffusionless, 
displacive phase transformation; therefore, its chemical composition is the same as the γ 
phase. The α’ is a harder phase than γ phase due to the following intrinsic properties 
associated with the BCC lattice structure: 1) the BCC-Fe has significantly higher elastic 
constants than FCC-Fe, i.e. C11=242 GPa, C12 =147 GPa, C44=112 GPa for BCC-Fe 
and C11=154 GPa, C12 =122 GPa, C44=77 GPa for FCC-Fe [40]; 2) BCC lattice has a 
higher Peierls barrier than the FCC lattice [41], because none of its slip systems are close-
packed; 3) BCC crystals have many more slip systems than FCC crystals (48 versus 12), 
which leads to more frequent interactions between dislocations, and thus, much more 
strain hardening even at the early stage of plastic deformation. It is, therefore, expected 
that the nucleation and growth of α’ phase would lead to hardening of the material. 
Indeed, in the previous studies [5,6,10,11], the formation of α’ phase has been directly 
linked to the strain hardening of 304LSS under monotonic loading conditions. However, 
under cyclic loading, the role of the martensite in secondary hardening still remained 
unclear [17]. 
In order to better understand the relationship between martensite formation and 
secondary hardening, EBSD phase maps were analyzed for selected tests. Martensite was 
shown to have occurred in all cyclically loaded specimens that exhibited secondary 
hardening. Figure 4.1 shows the correlation of secondary hardening to the volume 
fraction of martensite for the selected specimens after failure. With increasing γ  α’ 
transformation, there is an increase in the secondary hardening under cyclic loading 
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showing a clear relationship between cyclic secondary hardening and martensite 
formation. 
One can conclude that the martensitic transformation occurs during the cyclic 
loading of 304LSS, which results in an α’ phase that is intrinsically harder than the γ 
phase. Qualitatively, it appears that the higher volume fractions of α’ phase leads to 
higher secondary hardening. Accordingly, the effects of strain rate on secondary 
hardening, martensitic transformation, and fatigue behavior can be better understood. 
4.2 Effects of Strain Rate on Fatigue Behavior 
As previously discussed in the introduction and Section 3.1, increases in strain 
rates lead to increased temperature due to the adiabatic heating from cyclic loading. In 
the current work, the adiabatic heating, and therefore, the temperature within the 
specimens is adjusted by controlling loading frequencies. The Md temperature, which is 
the limiting temperature to martensitic formation, is above RT for the utilized 304LSS in 
this study. At this temperature range, the critical energy barrier (G*) for γ  α’ 
transformation is very sensitive to the change in the degree of undercooling ∆T, i.e. ∆G* 
∝ 1⁄∆T2. A small increase in specimen temperature reduces ∆T, and thus, significantly 
reduces the rate of γ  α’ transformation per loading cycle. Therefore, the adiabatic 
heating due to the increase in strain rate in the fatigue test ultimately reduces the 
secondary hardening rate. 
Figure 4.2 presents the stress amplitude versus number of reversals at varying 
high/low strain rates (𝜀̇ = 0.012~0.040 s-1), for different strain amplitudes 
(∆ε/2=0.30%~0.75%), and strain ratios (Rε = -1~0.5). As shown in Figure 4.2(b) and (d), 
the secondary hardening rate is evidently higher for tests with lower strain rates. 
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However, in Figure 4.2(a) and (c) for mean strain tests, although lowering the strain rate 
did not lead to a higher secondary hardening rate, it caused the material to exhibit a 
higher stress amplitude after the initial cyclic softening stage. This could be the result of 
early onset of γ  α’ transformation before the conclusion of the cyclic softening stage. 
The higher stress amplitude led to early failure of specimens before entering the 
secondary hardening region. It is also interesting to note that the stress amplitude at 
failure was similar for each strain amplitude regardless of the strain rate or mean strain 
condition. The test with lower strain rates reach this failure stress sooner due to either 
higher secondary hardening rate in fully reversed tests or higher cyclic stress amplitude in 
mean strain tests. 
Figure 4.3 presents the mid-cycle stress and strain amplitudes as well as the 
related Ramberg-Osgood fit (∆ε/2 = ∆σ/2E + (∆σ/2K(1⁄n')) to the tests at lower and higher 
strain rates. Since tests with mean strains yielded similar cyclic deformation behavior as 
the fully reversed ones, they were included in this analysis as well. Due to the suppressed 
γ  α’ phase transformation owing to adiabatic heating, the cyclic strain hardening for 
higher strain rates (≥ 0.024 s-1) is lower than lower strain rates (< 0.024 s-1), as seen in 
Figure 4.3. Low strain rates had noticeably larger cyclic strain hardening rate (n’) than 
test with higher strain rates as indicated by their lower slope in this figure. The cyclic 
coefficients and exponents were calculated to be K = 1052 MPa and n’ = 0.182 for low 
strain rate tests and K’ = 838 MPa and n’ = 0.152 for high strain rate tests. Therefore, K’ 
and n’ for the high strain rate tests were, respectively, 20% and 16% lower than the ones 
for low strain rate tests. Stress values were similar for lower strain amplitude tests. 
However, as the strain amplitude increased, the lower strain rate tests began exhibiting 
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higher stress responses. While these differences may be small, the increase in stress 
typically resulted in shorter fatigue lives for 304LSS specimens.  
As seen in Figure 4.2, fatigue lives of tests at lower strain rates were found to be 
considerably shorter, which is also attributed to the γ  α’ phase transformation. Baudry 
and Pineau [8] showed that for a given plastic strain amplitude, there is a decrease in 
fatigue life due to an increase in the martensitic phase transformation in a Fe-18Cr-6.5Ni-
0.19C stainless steel alloy. From elevated temperature fatigue tests, it was observed that 
that crack initiation and propagation are accelerated by the γ  α’ transformation. The 
effect of strain rate on the fatigue life of 304LSS is further demonstrated in Figure 4.4, 
which presents the plastic strain-life and total strain-life plots for low and high stain rate 
fatigue tests including zero and non-zero mean strains. There is an observable separation 
in plastic strain-life by changing the strain rate, while this beneficial effect appears to 
lessen in high cycle fatigue for total strain-life behavior. For instance, the plastic strain-
life has approximately a factor of two difference in fatigue life for high and low strain 
rates at all strain amplitudes. This is most likely due to plastic deformation being the 
driving force of γ  α’ transformation.  
For total strain-life behavior, there is also a factor of two difference in fatigue life 
in higher strain amplitudes; however, this decreases in the lower strain amplitudes. At 
lower total strain amplitudes, the plastic to elastic strain ratio is very small such that the 
effect of plastic strain on fatigue life diminishes, so it won’t be as noticeable (see Figure 
4.4(b)). Additionally, there was no significant change in fatigue behavior by increasing 
the strain rate up to 0.024 s-1 in either plastic or total strain amplitudes as there was no 
appreciable change in temperature for these strain rates. However, for strain rates greater 
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than 0.024 s-1, some enhancement in the fatigue resistance of 304LSS was observed. For 
this particular 304LSS alloy, it appears that an increase in temperature for ∆T ≈ 6℃ 
within the Ms – Md range is sufficient to improve the fatigue behavior. It is import again 
to note that chemical composition is an important factor in stability of the γ phase, and 
thus, the sensitivity to adiabatic heating will vary from alloy to alloy. 
4.3 Effects of Stress Rate on Fatigue Behavior 
The effect of stress rate on the fatigue behavior had the opposite effect to fatigue 
life as the strain rate did. High stress rates resulted in much shorter fatigue life when 
compared to low stress rates at similar stress amplitudes. There was an observed two 
orders of magnitude difference in the fatigue life between low and high stress rates at a 
stress amplitude of 350 MPa as shown in Figure 3.4. The cyclic behavior showed that 
higher stress rates resulted in larger amounts of plastic deformation as indicated by the 
expanding hysteresis loops in Figure 4.5 (d –f). Comparing this to the lower stress rate 
tests (Figure 4.5 a – c) it is apparent that there is much more plastic deformation 
occurring early on in the fatigue life. Interestingly, this large amount of plastic 
deformation is not observed when interrupting the high stress rate tests at 1,000 cycle 
intervals but is observed when interrupting the test every 2,000 cycle. Surface 
temperature measurements showed that while the temperature for low stress rate fatigue 
tests stabilized before 1,000 cycles the temperature for high stress rates took more than 
3,000 cycles to stabilize as shown in Figure 4.6. 
The microstructure shows that tests with higher stress rates have much lower 
amounts of martensite. Again, this is due to the increases in adiabatic temperature in 
which the transformation is sensitive to temperature within the Ms – Md range. As 
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mentioned previously the martensitic phase is a harder phase than the austenite phase. In 
the case of increased stress rates when adiabatic heating results in less γ  α’ 
transformation, there is less resistance to deformation. This, combined with the increases 
in temperature making dislocation movement more readily available, the material begins 
to show greater softening as indicated by the increase in displacement required to 
maintain a stress amplitude of 330 MPa in Figure 4.7. As the material softens the same 
applied load causes greater amounts of deformation resulting in the vastly shorter fatigue 
lives of high stress rate tests. 
High stress rates showed crack initiation much earlier in the fatigue life compared 
to low stress rates at similar amplitudes. However, when normalizing the fatigue life to 
the average fatigue life for the particular stress rate, the high stress rate tests showed a 
higher percentage of fatigue life to initiate micro-cracks. The low stress rate tests 
typically required around 20,000 cycles (≈10% of fatigue life) for micro-cracks to 
become readily observable on the surface through SEM or greater than 10 μm. On the 
other hand the high stress rate tests required about 4,000 cycles (≈20% of fatigue life) to 
show observable micro-cracks. The greatest difference in high and low stress rates, 
however, was the rate at which cracks initiated. While the higher stress rates took about 
10% more life to initiate cracks than the lower stress rates, there were considerably more 
micro-cracks observed on a surface. On a given surface at 20% of the fatigue life for low 
stress rate tests there was on average around 8 micro-cracks. For the high stress rate tests 
at 20% of the average fatigue life the amount of micro-cracks for a given surface were 
too numerous to count. Criteria had to be set in order to determine which micro-cracks to 
analyze in a reasonable amount of time. The criteria used to analyze micro-cracks for 
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high stress rate tests was cracks larger than 20 μm or showing some sign of crack 
deflection if lower than 20 μm. 
Crack initiation features appeared to be similar for both high and low stress rate 
tests. Figure 4.8 presents the frequency for microstructural features to be associated with 
crack initiation as discussed in Section 3.3. There was no observable difference in crack 
initiation, however, there was an observable difference in martensitic transformation. 
Where there was almost always a transformation zone size associated with the crack tip at 
low stress rates, there was almost no transformation zones associated with the crack tip 
for the high stress rates. Surface deformation did not allow for high quality EBSD 
patterns, however, and as such there was little information to be gathered on the 
microstructure of high stress rate tests to justify a large discussion in this area. 
Much of the effect of stress rate appears to be a combination of larger deformation 
due to uninhibited cyclic softening. For low stress rates martensite transformation occurs 
to a greater extent and thus inhibits great amounts of cyclic softening throughout the 
fatigue life as indicated by Figure 4.7. This effect does not occur in high stress rate tests, 




Figure 4.1 Secondary hardening as a function of martensite volume fraction. 
Cyclic secondary hardening relation to the area fraction of martensite of selected fatigue 




Figure 4.2 Stress response for uniaxial fatigue tests including zero and non-sero mean 
strain. 
Stress response for uniaxial strain controlled fatigue test at a) ε/2 = 0.30% and Rε = 0.5, b) εa = 





Figure 4.3 Cyclic stress amplitudes for high and low strain rates. 
Cyclic stress amplitudes versus strain amplitudes and Ramberg-Osgood fits for all fatigue data at 




Figure 4.4 Plastic strain amplitude life for high and low strain rates including zero and 
non-zero mean strains. 
a) Plastic strain amplitude versus fatigue life and b) total strain amplitude versus fatigue life for 









Figure 4.6 Temperature increase from adiabatic heating. 
Temperature for low stress rate (a) stabilized around 26° C, however, temperature for 
















Microstructure has long been understood to play a pivotal role in the cyclic 
behavior of engineering materials such as 304LSS. For this reason, it is of great interest 
to link the macroscopic behavior of materials to their microstructural characteristics. 
Through this study, it has been shown that:  
1. Mean strain had little effect on fatigue life, secondary hardening, or 
martensite formation. This is due to the ductility of 304LSS and the fully 
relaxed mean stress for mean strain conditions. The mean strain fatigue 
specimens also had very similar α’ volume fractions after failure as the 
fully reversed specimens with the same strain amplitude. 
2. The austenite to martensite transformation in 304LSS can even occur at 
very low strain amplitudes. The α’ phase was observed in fatigue 
specimens with strain amplitudes as low as 0.25%. 
3. The volume fraction of α’ can be correlated to the amount of total 
secondary hardening, Hs, for strain controlled fatigue tests.  
4. Cracks in austenitic stainless steels preferentially crack at twin boundaries 
aligned in the direction of maximum shear. Nearly half of all cracks were 
twins which appeared to be coherent. 
5. Slip bands with high Schmid factors and oriented along the plane of 
maximum tensile stress were found to initiate cracks approximately 30% 
of time. 
6. Grain boundaries that showed crack initiation had adjacent grains oriented 
in such a way as to be nearly parallel with a {111}<110> slip system. This 




7. Crack initiation is affected by the rate at which load is applied. High stress 
rates resulted in an increase in the rate of crack initiation. However, crack 
initiation from microstructural features showed similar behavior for both 
low and high stress rates. 
8. Microstructurally small crack growth rates showed remarkable 
consistency in the MSC regime. This is due to the transformation zone 
ahead of the crack tip resulting in the crack being able to easily move 
through microstructural features. 
9. Microstructurally small crack growth for a given stress amplitude is 
affected by the transformation behavior. Cracks with larger transformation 
zones around the crack tip showed greater MSC growth rates than cracks 
with smaller α’ zones. 
10. Cracks that propagate into large transformation areas show a large 
decrease in MSC growth rates. This is due to compressive residual stresses 
associated with the increase in volume from FCC  BCC transformation 
which retards crack growth by requiring greater loads to fully open the 
crack. 
11. Increases in the strain rate and the corresponding elevated temperature can 
reduce the rate at which secondary hardening occurs. Tests with strain 
rates below 0.024 s-1 experienced less adiabatic heating and exhibited 
greater strain hardening behavior than tests at or above strain rates of 
0.024 s-1. This is due to the sensitivity of martensite formation under 
cyclic loading in the Ms - Md temperature range.  
12. Increasing strain rates to or above 0.024 s-1 improved fatigue lives of the 
304LSS alloy, specifically in the low cycle fatigue regime. The stress at 
failure was essentially the same for similar strain amplitudes, and thus, the 
increase in temperature at higher strain rates resulted in lower rates of 
secondary hardening, and higher number of reversals needed to reach the 
failure stress. 
13. Increasing stress rates resulted in much shorter fatigue life as secondary 
hardening was limited which resulted in uninhibited cyclic softening. The 
application of a constant load after such cyclic softening resulted in large 
plastic deformation which led to the shorter fatigue lives observed for high 
stress rate tests. 
Essentially, increases in cyclic loading rates result in higher adiabatic heating for 
a given amplitude which leads to a lower rate of γ  α’ phase transformation. The 
reduction in γ  α’ phase transformation results in a lower secondary hardening rate. 
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Under strain controlled conditions the lower secondary hardening rate resulted in lower 
stress amplitudes and greater fatigue lives. Under load controlled conditions the lower 
secondary hardening rates resulted in greater amounts of cyclic softening. This combined 
with a constant applied stress amplitude resulted in much shorter fatigue lives. Therefore, 
the fatigue behavior of 304LSS is sensitive to loading rates due to the martensitic phase 
transformation, which is in turn dependent on the stability of the austenitic phase in this 
alloy. This finding has important implications for the use of 304LSS where the operating 
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